This study investigates the relation between myocardial oxygen consumption (MV 02), function, and high energy phos- Severe hypoxia ultimately leads to contractile failure, which is attributed to an imbalance between myocardial oxygen supply and demand (1) (2) (3) (4) . Sudden extreme oxygen deprivation causes rapid depletion of energy stores in the form of the high energy phosphates, phosphocreatine, and ATP, as well as accumulation of ATP hydrolysis products. In isolated myocytes (5) and buffer-perfused hearts (5, 6) anoxia or hypoxia results in a reduced oxidative phosphorylation rate. Myocardial respiration wanes despite increasing ADP and intracellular phosphate (Pi),' which both stimulate mitochondrial ATP production under aerobic conditions. The intact animal generally maintains or increases myocardial oxygen consumption during early or moderate hypoxia (7-9). Small decreases in myocardial phosphocreatine content with no depletion of the cytosolic ATP pool have been documented during moderate hypoxic conditions (10, 11). However, myocardial oxygen consumption rates have not been directly measured during periods of rapid high energy phosphate depletion and repletion in the intact animal. The purpose of this study was to examine the relation between myocardial oxygen consumption, function, and high energy phosphates during severe hypoxia and reoxygenation in vivo. Additionally, rephosphorylation parameters were measured to determine if evidence of respiratory uncoupling or mitochondrial damage occurs during reoxygenation in vivo. Graded hypoxia was performed in an effort to gradually reduce arterial oxygen tension to attain the P02 at which high energy phosphate stores rapidly decreased. Highly time-resolved 31P nuclear magnetic resonance (NMR) spectroscopy enabled monitoring of myocardial phosphates throughout hypoxia and recovery with simultaneous measurement of oxygen consumption. Consequently, these measurements enhanced analysis of mitochondrial function in vivo during reoxygenation.
Introduction
This study investigates the relation between myocardial oxygen consumption (MV 02), function, and high energy phosphates during severe hypoxia and reoxygenation in sheep in vivo. Graded hypoxia was performed in open-chested sheep to adjust Po2 to values where rapid depletion of energy stores occurred. Highly time-resolved 31P nuclear magnetic resonance spectroscopy enabled monitoring of myocardial phosphates throughout hypoxia and recovery with simultaneous MV 02 measurement. Sheep undergoing graded hypoxia (n = 5) with an arterial Po2 nadir of 13.4±0.5 mmHg, demonstrated maintained rates of oxygen consumption with large changes in coronary flow as phosphocreatine (PCr) decreased within 4 min to 40±7% of baseline. ATP utilization rate increased simultaneously 59±20%. Recovery was accompanied by marked increases in MV 02 from 2.0±0.5 to 7.2±1.9 ,umol/g per min, while PCr recovery rate was 4.3±0. 6 ILmol/g per min. ATP decreased to 75±6% of baseline during severe hypoxia and did not recover. Sheep (n = 5) which underwent moderate hypoxia (Po2 maintained 25-35 mmHg for 10 min) did not demonstrate change in PCr or ATP. Functional and work assessment (n = 4) revealed that cardiac power increased during the graded hypoxia and was maintained through early reoxygenation. These studies show that (a) MV o2 does not decrease during oxygen deprivation in vivo despite marked and rapid decreases in high energy phosphates; (b) contractile function during hypoxia in vivo does not decrease during periods of PCr depletion and intracellular phosphate accumulation, and this may be related to marked increases in circulating catecholamines during global hypoxia. The measured creatine rephosphorylation rate is 34±11% of predicted (P < 0.01) calculated from reoxygenation parameters, which indicates that some mitochondrial respiratory uncoupling also occurs during the rephosphorylation period. (J. Clin. Invest. 1995. 95:2134-2142.) Key words: ATP * phosphocreatine * oxidative phosphorylation * mitochondria * nuclear magnetic resonance Severe hypoxia ultimately leads to contractile failure, which is attributed to an imbalance between myocardial oxygen supply and demand (1) (2) (3) (4) . Sudden extreme oxygen deprivation causes rapid depletion of energy stores in the form of the high energy phosphates, phosphocreatine, and ATP, as well as accumulation of ATP hydrolysis products. In isolated myocytes (5) and buffer-perfused hearts (5, 6) anoxia or hypoxia results in a reduced oxidative phosphorylation rate. Myocardial respiration wanes despite increasing ADP and intracellular phosphate (Pi),' which both stimulate mitochondrial ATP production under aerobic conditions. The intact animal generally maintains or increases myocardial oxygen consumption during early or moderate hypoxia (7) (8) (9) . Small decreases in myocardial phosphocreatine content with no depletion of the cytosolic ATP pool have been documented during moderate hypoxic conditions (10, 11) . However, myocardial oxygen consumption rates have not been directly measured during periods of rapid high energy phosphate depletion and repletion in the intact animal. The purpose of this study was to examine the relation between myocardial oxygen consumption, function, and high energy phosphates during severe hypoxia and reoxygenation in vivo. Additionally, rephosphorylation parameters were measured to determine if evidence of respiratory uncoupling or mitochondrial damage occurs during reoxygenation in vivo. Graded was positioned between the coronary sinus orifice and the juncture of the great cardiac and hemizygous veins. A suture was placed around the coronary sinus to anchor the tip and direct all coronary sinus drainage into the Tygon shunt. The hemizygous vein, which drains directly into the coronary sinus in sheep, was then ligated. The flow monitoring system provided digital display and continuous hard copy tracing. A 2-cm diameter round NMR surface coil was sutured to the pericardium overlying the left ventricle. The flexibility of the coil allowed unrestricted cardiac movement and filling, while keeping the coil in reproducible proximity to the heart. The thoracotomy opening was then sealed with plastic wrap to prevent water loss. The lamb was wrapped in a water-circulating heating blanket that maintained body core temperature at -380C, and placed in a Lucite cradle which fit into the 26-cm clear bore of the 4.7 Tesla Chemical Shift Imager (General Electric Co., Fremont, CA) system. The surface coil was positioned at the magnetic center of the system. NMR measurements. After transfer of the lamb into the magnet, the NMR surface coil was tuned to 81 MHz and matched to 50 ohms. Respiration was maintained within the magnet via 8 ft of tubing attached to the expiratory and inspiratory ports of the ventilator. Blood pressure was monitored using a solid state nonmagnetic pressure transducer (Cobe Lab Inc., Lakewood, CO) positioned just outside the magnet bore.
NMR data were collected with a spectrometer (General Electric Co.) using GE-resident OMEGA software. Shimming on the 'H-freeinduction decay at 200 MHz and acquisition of 31p spectra were performed as previously described using both cardiac and respiratory gating (13) , during which the heart is atrially paced at a rate equivalent to the lowest respiratory harmonic above the intrinsic sinus rate. Interpulse delay was -2 s as determined by the respiratory cycle. The pulse width which optimized the phosphocreatine (PCr) signal was chosen for each study and was between 15 and 25 /ss. All spectra were obtained using a simple one pulse sequence. Data were acquired with a 5,000-Hz sweep width and 2,000 data points. 15 spectra (30 s) were stored in each block and four consecutive acquisition blocks were averaged for some analyses. All spectra were analyzed using a least squares fitting program (14) . Before each protocol, blocks of 120 acquisitions were obtained for reference use in the least squares analysis program. Intracellular pH was determined from the chemical shift difference Pi-PCr as previously described. Although the peaks from 2,3 diphosphoglycerate frequently contaminate the Pi peak in heart spectra from several species, this does not occur in sheep (13 Cardiac function studies (group C). In a separate group of animals (n = 4), the surgical procedure was altered. A transit time flow probe was place around the aorta, just distal to the aortic valve. Additionally, a 2-cm length catheter was inserted through the left ventricular apex, and attached to a pressure transducer. Cardiac work and hemodynamic parameters including left ventricular systolic pressure, end diastolic pressure, dP/dt, and left ventricular power were then measured in these animals. Due to technical limitations, placements of the coronary sinus shunt and NMR surface coil were not performed in this group; oxygen consumption and NMR data were then not collected. Before initiation of the graded hypoxia protocol, function studies were performed at a various pacing rates analogous to the respiratory harmonic rates used in group A and B. This provided a basis for comparison of dP/dt, which is a heart rate-dependent value, and may change somewhat during hypoxia. The protocol was then initiated at the respiratory harmonic above the intrinsic sinus rate. Serum catecholamine levels were obtained from this group during the stabilization period, at FIo2 21%, and at FIo2 3%. Catecholamines were analyzed using standard HPLC techniques (Bio-Rad Instruction Manual 195-6051, Plasma Catecholamines by HPLC; BioRad Laboratories, Hercules CA).
Myocardial oxygen consumption. Oxygen content was determined using dissolved oxygen calculated from the Po2 and oxyhemoglobin determined from hemoglobin content and saturation available from the OSM2. MVo2 was calculated from the coronary arteriovenous difference times coronary sinus flow rate.
Substrate analysis. Glucose and lactate were determined spectrophotometrically using an analyzer (GM7; Analox Instruments Ltd., London, United Kingdom).
Statistical analyses. All animals served as their own controls. Data were analyzed using ANOVA. Paired t test analysis was used when appropriate. All PCr and ATP data are reported relative to peak areas at 21% FIo2. All descriptive data are reported as means±SE.
Results
A summary of hemodynamic and blood gas parameters for sheep, which underwent the graded hypoxia protocol during simultaneous acquisition of NMR data are presented in Table  I . A steady decrease in arterial Po2 and arterial oxygen content occurred during this protocol with a significant drop in coronary sinus Po2 at an FIo2 of 6%. Changes in coronary sinus flow are illustrated in Fig. 1 . The largest increase occurred at FIo2 3% (mean arterial Po2 13.4±0.5). Myocardial oxygen consumption ( Fig. 2) as well as coronary oxygen delivery was maintained through all periods of hypoxia. Both increased substantially during the initial reoxygenation period, followed by a decline to control levels after the first 4 min of recovery.
Lactate production is frequently considered to be a gauge of anaerobic metabolism. Net lactate uptake predominates in the aerobically functioning sheep heart, as this substrate is converted to pyruvate and oxidized (15) . In this study, net lactate uptake continues through the protocol until FIo2 drops to 6% (Fig. 3) indicating that an increase in anaerobic glycolytic metabolism has transpired. Net lactate release occurs despite the Glucose uptake and release were also measured. However, results of these studies were inconsistent, and no clear-cut relationship could be defined. Typical 31P spectra obtained from the control period are shown with peak assignments in Fig. 4 . These spectra represent the sum of 60 spectra obtained within 2 min. All spectra were originally acquired in 30 s blocks. A stackplot of 30-s spectra from an individual experiment is shown in Fig. 5 . A large increase in intracellular phosphate corresponds with the decrease in PCr and ATP. Maximal linebroadening applied during processing increased signal to noise in the Fourier Transform data obtained from these blocks and enabled analysis of PCr and ATP peak areas using the least squares analysis program 
F102(%)
described by Heineman and Balaban (14) . A typical plot of relative peak areas obtained with 30-s resolution is exhibited in Fig. 6 . In this experiment steady state PCr and ATP levels occur through FIo2 6%, followed by a rapid decline first in PCr and then in ATP during the FIo2 3% period. The PCr recovery during reoxygenation follows an exponential time course, although the initial period is linear and regression analysis is applicable for determination of PCr recovery rates (see Discussion).
Relative PCr and ATP areas obtained from the 2-min spectra are illustrated in Fig. 7 . Summing of data into 2-min blocks improves signal to noise, enhances peak area analysis, and enables measurement of the PCr-Pi chemical shift required for intracellular pH (pHi) determination (Fig. 8) . Intracellular phosphate is higher in aerobically functioning sheep heart than in other species, and the NMR peak is uncontaminated by 2 oxia was sufficient to produce rapid depletion of myocardial high energy phosphates without leading to hypotension and demise of the subject under study. Thus, although the energy metabolism during contractile failure could not be studied, measurement of myocardial reoxygenation parameters including rephosphorylation was enabled.
These experiments were conducted under the limitations imposed by an NMR surface coil, which did not use a homogenous radiofrequency field. Therefore, it is likely that subepicardial areas of the left ventricle contributed more to the signal than other regions (18) . Lack of 2,3 diphosphoglycerate peaks in sheep heart phosphorous spectra does not indicate that signal is obtained primarily from epicardium. This metabolite occurs at levels which cannot be detected by 31P magnetic resonance spectroscopy (13) . The radius of the surface coil used in these experiments should limit the radiofrequency penetration to the left ventricular myocardium, but further localization information is not available. Although controversial, some heterogeneity in energy metabolism probably also exists across the left ventricular wall ( 19) . This postulate is reinforced by 31P NMR studies which have used homogenous radiofrequency fields in association with localization pulse sequences and found small transmural variations in PCr/ATP (20) . In the present experiments relative concentrations in phosphorous metabolites summed across the sampling area were analyzed, with the understanding that specific portions of myocardium may have more or less change during hypoxia and recovery. Furthermore, these data are related to global left ventricular measurements of substrate uptake and function. These limitations should be considered when interpreting the results of this study.
Myocardial oxygen consumption was maintained throughout the hypoxia imposed during this protocol. Concomitant The degree of high energy phosphate depletion documented in this study is far greater than that found in previous studies, which have examined high energy phosphate changes during hypoxia (10, 11 myocardial respiration likely becomes dependent on cellular oxygen supply now limited by the diminished capillary to mitochondrial 02 gradient (5, 22) . Although the respiration rate is steady, further increases to balance the increased ATP hydrolysis rate are limited by the decreased 02 gradient. Rapid depletion of cytosolic ATP occurred during severe hypoxia. Furthermore, unlike phosphocreatine, no repletion occurred during reoxygenation. Since absolute high energy phosphate concentrations are not determined in these studies, ATP peak area relative to baseline is dependent on signal to noise ratio changes which may occur during the protocol. Alteration in signal to noise ratio might occur through variations in shim or ambient radiofrequency noise. Consistent linewidths of the y and 6 ATP peaks through serial spectra indicate that it is unlikely that alterations in shim occurred. Furthermore full recovery of the PCr peak indicates that it is unlikely that a substantial change in the signal to noise ratio occurs. ATP depletion during severe hypoxia and brief ischemia without early repletion accompanying oxygenation is a well-documented phenomenon (23, 24) . Swain and associates noted prolonged myocardial ATP depletion even after reperfusion following brief coronary occlusion in canines (23) . ATP loss is generally attributed to purine degradation and loss, which may be accelerated by high coronary flow rates generated during hypoxia. Decreases in cardiac function did not occur with the levels of hypoxia provided in these experiments. Maintenance or even slight increases in cardiac function during hypoxia are findings consistent with those published by previous investigators when employing ventilated sheep as a model (17, 25) . However, dissociation of functional parameters from myocardial intracellular phosphate levels as occurred during this study is fairly specific to the particular study conditions (2, (26) (27) (28) . Intracellular phosphate as well as pH have been implicated as regulators of contractile function during hypoxia or ischemia (24, 27, 29) . The codependence of these factors in modulation of myocardial force generated during oxygen deprivation is a subject of controversy (30) . Studies performed in perfused hearts (16) , and in skinned rat ventricular myocytes (29) indicate that increases in intracellular phosphate cause a decline in maximal Ca2" activated force. This relationship appears to be pH independent, at least in skinned fiber studies. Separation of these parameters in perfused hearts is difficult to accomplish ( 16, 24) . In contrast, decreases in Pi occur independently of pH, but are not associated with myocardial contractile depression in the present model studied in vivo. Previously, dissociation of cardiac function and intracellular phosphate concentration has been noted only in myocardium receiving substantial adrenergic stimulation during hypoxia or ischemia (28, 31) . This has occurred during catecholamine stimulation in hypoxic buffer-perfused hearts (28) , and regionally ischemic myocardium in vivo (31) . Accordingly, high levels of circulating catecholamines were measured during severe hypoxia in this study.
Studies performed in ventricular skinned fibers have supported the suggestion, that Pi inhibits actomyosin cycling with a resultant decrease in crossbridge formation. This mechanism would diminish Ca2' activated maximal force (29, 32) . Conceivably, catecholamine stimulation during hypoxia would counter such an effect by increasing Ca2+ sarcoplasmic reticulum release and recycling, as well as possibly influencing myofibril sensitivity to Ca2+ (33) . The which is less than expected, indicates that mitochondrial damage and/or decoupling of oxidative phosphorylation occurred during reoxygenation or preceding hypoxia. The expected or predicted rephosphorylation rate must first be determined to provide a basis for comparison, and requires consideration of several components (Fig. 10) . Primary among these is the increase in contractile energy cost, and thus ATP hydrolysis, which is established during hypoxia grade FIo2 3%. Initially, this rise in energy cost is compensated through anaerobic ATP synthesis as well as high energy phosphate store depletion. As cardiac work is constant (group C data) from hypoxia grade FIo2 3% through early reoxygenation, the contractile energy requirement does not change over the transition. However, during reoxygenation the raised contractile energy cost can be balanced through increased oxygen consumption and accelerated oxidative phosphorylation; while anaerobic contribution to ATP synthesis is considered negligible, since lactate release substantially decreases. Aerobic ATP synthesis, which is surplus above the contractile energy cost during reoxygenation, may be directed into creatine rephosphorylation through the forward creatine kinase reaction: creatine + ATP + H+ = PCr + ADP. Htmol/g per min (P < 0.05 by paired t test), and that APCrmeas is found to be only 34±11% APCrpled.
The measured rephosphorylation rate falls well below the predicted in these experiments; this implies that energy provided through the respiratory complexes and substrate oxidation is consumed by processes other than ADP phosphorylation during reoxygenation in vivo. Respiratory uncoupling does occur consistently in isolated mitochondria and cell preparations, which have been exposed to anoxia or hypoxia and are reoxygenated or reperfused (38) . Such mitochondrial dysfunction is closely linked to increased membrane permeability (39) , which results in transient accumulations of mitochondrial Ca2' during the immediate reoxygenation period (38, 40, 41) . Oxidation is then preferentially coupled to Ca2+ transport over ATP synthesis, thus diminishing the P:02 value. Permeabilization of the mitochondrial membrane may be mediated through processes activated by inorganic phosphate, decreasing pH, and oxidative stress (38, 39, 42) . Mitochondrial Ca2' accumulation also leads to loss of respiratory chain complexes (43) and enzymes (44), and partial depolarization of the mitochondrial membrane (40) with a reduction in membrane proton electrochemical potential (39) .
The mechanism for respiratory uncoupling in myocardium in vivo is yet unclear, and it is difficult to extrapolate operative processes in myocytes and isolated mitochondria to whole tissue exposed to graded hypoxia. The diminished measured rephosphorylation rate represents an average throughout the myocardial area under study, and could reflect either partial decoupling in all cells or total irreversible decoupling in some cells with others unaffected. Furthermore, the transient nature of this abnormality cannot be verified, although excess Ca2+ is eventually cleared from isolated mitochondria (38) and myocytes (45) and P:02 is not diminished in glycolytically inhibited perfused hearts after ischemia (46) . This study demonstrates that myocardial high energy phosphate depletion can occur during hypoxia without associated decreases in cardiac function or oxygen consumption. It is likely that catecholamine effects supersede any regulatory mechanism through Pi, which may be apparent in studies performed in isolated heart preparations. Further examination of these catecholamine effects is necessary to confirm this hypothesis. Reoxygenation in this model in vivo is accompanied by creatine rephosphorylation, which proceeds at a rate well below predicted. This indicates that mitochondrial respiratory uncoupling and possible damage occurs during reoxygenation. The mechanisms of such uncoupling have been partially defined in isolated myocytes and mitochondria, but remain to be verified in the heart in vivo.
